Introduction {#S1}
============

Synthesis and colloidal processing of semiconducting oxide nanostructures matter once their optical and electronic properties depend on their interfaces. This is largely caused by the electronic influence of surfactants, additives, and solvents, which make up the dynamic solid---liquid interface.^[@R1]--[@R5]^ Surfactants are regularly employed as capping agents to enable anisotropic growth during metal oxide synthesis.^[@R6],[@R7]^ Formulation strategies to generate nanocrystal dispersions for ceramics, thin-film deposition, and nanoparticle printing as examples require additives to adjust the dispersions' rheological properties, to optimize the drying properties of nanoparticle-based pastes, and, last but not least, to integrate respective materials components into devices.^[@R8],[@R9]^ Many of these operation steps involve continuous phase changes and lead to substantial modifications at the materials interfaces.

Nanostructured ZnO is widely used for catalysis, optical, and electronic applications. The still increasing interest in ZnO-based inorganic phosphors is clearly documented by the continuous rise in the number of publications related to the research topic ZnO nanoparticles and photoluminescence properties, as revealed by an up-to-date literature survey using Web of Science or other databases. A substantial body of work has established robust connections between photoluminescence excitation and emission properties of ZnO structures and different defect types contained therein.^[@R10]--[@R25]^ Although many optically and electronically active defects seem to be linked to the interfaces of ZnO nanostructures, systematic studies on the impact of nature and composition of the interface on the photoluminescence properties are scarce.^[@R1],[@R11],[@R26]--[@R28]^

During colloidal processing of ZnO nanoparticles,^29^ surfactant molecules and polymers are adsorbed from solution onto the particles surfaces.^[@R2],[@R8],[@R30],[@R31]^ The adsorption of citrate or acetate ions, for instance, changes the ζ-potential values of the particle dispersions, enables one to increase electric doublelayer repulsion for the stabilization of colloidal dispersions,^[@R32]^ and affects the free exciton emission intensity.^[@R33]^ Changes in the broad defect-related luminescence band are reported for other inorganic or organic adsorbates.^[@R34]--[@R37]^ Apart from a number of studies that focus on the impact of specific molecules,^[@R38]--[@R41]^ a general understanding of how adsorbed surfactants and the solvents' dielectric properties can affect energy and intensity of photoluminescence bands is far from complete.

With this very first systematic comparison of the free exciton emission of ZnO nanocrystals, which were grown in the gas phase, processed, and measured under water-free conditions, with identical nanoparticles in contact with a condensed water phase, we discuss important optical property changes that can originate from the conversion of the anhydrous powder into an aqueous colloidal dispersion. The present investigation connects to a previously performed study on aqueous ZnO colloids that aimed at the relationship between adsorption-induced photoluminescence property changes and the yield of photogenerated charges that are accessible to electron paramagnetic resonance spectroscopy.^[@R33]^ Here, we used two widely employed surfactants, citrate ions producing negative ζ-potential values, and acetate ions, the adsorption of which shifts the corresponding ζ-potential values to more positive values. We will demonstrate that the corresponding trends in the intensity of the free exciton emission at λ = 380 nm (*hv* = 3.3 eV), which is absent on dehydroxylated ZnO nanoparticle powders, show a clear dependence on the ζ-potential in aqueous dispersion. As an important aspect of our investigation, we included the colloidal stability of the ZnO nanoparticle dispersion for the discussion of the spectroscopic data and were able to exclude artifacts that arise from aggregation and sediment formation. The observed variations in exciton emission intensity are explained by local polarization changes originating from acetate and citrate ions in combination with their very different molecular dipole moments. Highlighting the importance of interfacial properties of semiconductor nanoparticles with regard to a robust description of their optoelectronic properties, these findings should contribute to more reproducible colloidal manufacturing protocols of ZnO-containing optoelectronic devices, functional coatings, and polymer nanocomposites.

Experimental Section {#S2}
====================

ZnO nanoparticles were produced by metal-organic chemical vapor synthesis using zinc acetate dihydrate (Sigma-Aldrich, ≥99.0%) as a precursor.^[@R42]^ An optimized sequence of alternating vacuum annealing and oxidation steps was applied to the powder sample for removal of synthesis-related organic impurities: high vacuum conditions at *T* = 473 K (heating rate: 2.5 K/min, dwell time: 1 h), followed by oxidative treatment in O~2~ at *T* = 573 K (heating rate: 5 K/min, dwell time: 30 min) and 673 K (heating rate: 5 K/min, dwell time: 1 h), which ultimately leads to stoichiometric ZnO nanoparticles with a level of residual surface carbon of less than 5%.^[@R42],[@R43]^

Size distribution functions in colloidal samples and ζ-potential values of the secondary particles were determined for aqueous dispersions with a particle concentration of 0.1 mg/mL. For their preparation, water with a resistivity of 18 MΩ cm was added to ZnO nanoparticles. Trisodium citrate dihydrate (Merck, ≥99.0%) or zinc acetate dihydrate (Sigma-Aldrich, ≥99.0%) were used as organic salts. First, the stock solutions of the salts were prepared and added to the particles---water mixture in different concentrations relative to the particle mass. The pH values recorded for all of these dispersions were in the range of 7.0-8.1 and slightly increased with the concentration of citrate added. To complement mechanical stirring under cooling in an ice bath, we also employed direct ultrasound irradiation of the dispersion using an ultrasonic finger (15 min, amplitude 25%, UP200St, Ti-sonotrode Ø 2 mm, Hielscher Ultrasonics).

Both dynamic and electrophoretic light scattering measurements were performed on Zetasizer Nano ZSP ZEN5600 (Malvern Instruments), which operates with red laser light (λ = 632.8 nm). For size distribution curves, the scattering information was collected in backscatter mode with a detection angle of 175°. The Smoluchowski approximation was used to determine the sample's ζ-potential from the electrophoretic mobility of the particles at an applied voltage of 40 V. Photoluminescence measurements were carried out with a double-grating PL spectrometer system FLS980 (Edinburgh Instruments). Two different measurement setups were used for colloids and powders, i.e., the standard right angle geometry for liquid colloidal dispersions and a front-facing sample holder suitable for powder samples.^[@R43]^ We did not normalize the PL emission spectra related to the colloidal samples ([Figures 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}) but magnified the one and only powder spectrum shown in [Figure 2](#F2){ref-type="fig"} to a value that allows for qualitative comparison between the powder and the colloid spectra.

Particle specimen from powders and colloidal dispersions were analyzed by transmission electron microscopy (TEM) using a TECNAI F20 field emission instrument. The electron microscopic and analytical measurements were obtained on the material sticking to the TEM grid either after dipping a lacey carbon grid into the powder or by putting a droplet of the dispersion on the grid followed by drying in air. Electron micrographs were recorded using a Gatan Orius CCD camera. The size distribution of individual particles was derived from the analysis of TEM data by counting between 200 and 300 particles for each sample. The error that arises from overlapping particles or particle contacts with insufficient contrast is below the value of the size increments plotted along the x-axis of the particle size distribution plots. On the basis of the observation of all of the sample spots investigated, we can exclude any prevailing type of particle shape anisotropy. For this reason, the majority of ZnO nanoparticles investigated here, either directly from analyzing the particles of the powder or after subsequent transformation into a colloid, can be characterized as equiaxed grains and are approximated as spheres.

For crystallite size and microstrain determination, step-scan powder X-ray diffraction (XRD) data were collected at room temperature in coupled *θ-θ* mode on a Bruker D8 Advance DaVinci-Design diffractometer, having a goniometer radius of 280 mm and being equipped with a fast solid-state Lynxeye detector. Data acquisition was done using Cu Kα~1,2~ radiation between 2θ =15 and 130°, with a step size of 0.01° and integration time of 1 s, with the divergence slit and the receiving slit opened at 0.3 and 2.5°, respectively; a primary and secondary side 2.5° Soller slit was used to minimize axial divergence, and the detector window opening angle was chosen as 2.95°. Data handling was done with TOPAS 4.2 (Bruker 2012) using whole pattern refinement and a double-Voigt approach.^[@R44]^ The intrinsic peak shape of the Bragg peaks was modeled with the fundamental parameter approach. The crystallite size broadening was then handled by allowing a Lorentzian type, while microstrain was handled by a Gaussian-type component convolution.

Results and Discussion {#S3}
======================

After gas-phase synthesis and thermal processing in water-free gas atmospheres, i.e., the application of alternating cycles of sample treatment in vacuum or in dry oxygen, the ZnO nanoparticle powders are characterized by a narrow particle size distribution peaking at d~TEM~ = 14 nm ([Figure 1a,c](#F1){ref-type="fig"}). The average crystalline domain size was determined to be d~XRD~= 10 nm as calculated from the Scherrer equation. Prior to the water adsorption experiments, which will be described below, the ZnO nanoparticle surfaces are free from adsorbed solvent molecules, inorganic ions, surfactants, and other synthesis-related remnants. (An earlier Auger electron spectroscopy study revealed residual carbon species with a surface concentration of up to 5% as the only impurity present.^[@R42],[@R43]^)

The yellow region in [Figure 1b](#F1){ref-type="fig"} highlights amorphous and carbon-based surface features around the ZnO nanoparticles, which result from the adsorbed organics after vacuum drying and electron beam damage. They were observed for all analyzed sample spots of the citrate-functionalized nanoparticles, but were not observed in samples that were exclusively processed in vacuum and oxygen. (Unprocessed images for reference and comparison are shown in [Figure S1](#SD1){ref-type="supplementary-material"} of the Supporting Information.)

Once aqueous ZnO nanoparticle dispersions with particle concentrations of 0.1 mg/mL were prepared and showed stability during investigation and for a minimum of 2 h, the particle size distribution functions were additionally determined by dynamic light scattering (DLS). The size distribution plots show maxima below 100 nm and characterize the nanoparticle agglomerates (or secondary particles) inside the colloidal dispersion. In the following, we will refer to the individual particles as primary particles or just particles as part of these agglomerates.

The condensation and adsorption of water molecules at the ZnO nanocrystal surfaces lead to the emergence of an excitonic emission at λ = 380 nm (blue curve in [Figure 2](#F2){ref-type="fig"}), which is not observed for vapor-phase-grown ZnO nanoparticles (black curve in [Figure 2](#F2){ref-type="fig"}).^[@R43]^ During the dispersion of the dry ZnO nanoparticle powder into an aqueous phase, a water solvation shell is built up around the nanoparticles and concomitantly a ζ-potential develops. This ζ-potential, as the electrical potential at the shear plane of the particle, was determined by electrophoretic measurements (inset in [Figure 2d](#F2){ref-type="fig"}). Consistent with earlier results on identical materials^[@R43]^ and also in good agreement with ZnO materials of different synthetic origin but comparable particle size and structure,^[@R45]^ we determined for the nanoparticles a ζ-potential value of +24 mV ([Figure 2c](#F2){ref-type="fig"}). Adsorption of potential determining ions modifies the charge distribution at the interface, the ζ-potential, and consequently the stability of particle dispersions. While the addition of 30 w/w % acetate (relative to particle mass) produces a shift of the ζ-potential toward more positive values, we observe an inversion of the ζ-potential value to φ~ζ~= -26 mV upon addition of 50 w/w % citrate. Related changes result from the adsorption of potential determining ions and from protonation---deprotona-tion reactions at the solid---liquid interface due to pH changes. In parallel to the adsorption-induced changes in the ζ-potential, we also observed a change in the PL emission band intensity related to the radiative deactivation of the free exciton; while citrate produces an intensity increase of the excitonic emission at λ = 380 nm, acetate addition leads to a decrease ([Figure 2c](#F2){ref-type="fig"}). There exist a number of reports in the literature that describe the dependence of PL emission features in the visible light range on adsorption.^34---37^ A correlation of the ζ-potential with the visible light emission based on admixture of inorganic salts to nonpolar and aqueous solvents was reported,^[@R35]^ where the excitonic emission (albeit blue-shifted) remained essentially unchanged. Note that the interaction of the inorganic and organic adsorbates employed in the above works with the ZnO particle surface is different from the adsorption of citric acid and acetate used in our work. In the present case, namely, there is no correspondence between adsorbate-induced intensity changes related to the free exciton emission at λ = 380 nm and the broad emission band centered at λ = 670 nm, the intensity of which remains constant throughout all of the experiments performed for this study and which therefore is also not correlated with the observed ζ-potential changes. Hence, under the experimental conditions, applied citrate and acetate adsorption have no significant influence on potential energy transfer steps that convert a fraction of the exciton energy into a defect-related emission in the visible light range.^[@R33]^

![Anhydrous powders of ZnO nanoparticles in vacuum (a) and aqueous ZnO colloids derived therefrom (b), showing different photoluminescence emission intensities at λ = 380 nm. (c) Citrate and acetate salt addition increases and decreases the intensity of the excitonic emission, respectively, and changes the ζ-potential value in an opposite manner. (d) Scheme outlining that different regions of the ZnO nanoparticle interfaces are probed with photoluminescence spectroscopy and ζ-potential measurements. The citrate and acetate concentrations in the aqueous dispersions were 50 and 30 w/w % (relative to particle mass), respectively.](EMS94066-f002){#F2}

In parallel to solvent-induced changes in the free exciton emission, we also looked for potential changes in the crystallinity of the nanocrystals. For this purpose, we performed laboratory XRD measurements and subjected the acquired diffraction patterns to refinement using the double-Voigt approach.^[@R44]^ As crystallite size and microstrain convolutions vary in 2*θ* as a function of 1/cos(*θ*) and tan(*θ*), one can separate these contributions from each other with data that are acquired up to sufficiently high 2*θ* angles. The as- synthesized nanoparticles, the PL emission properties of which were studied in a previous study,^[@R42]^ exhibit the largest microstrain. Subsequent thermal powder activation leads to its relaxation from *ε* = 0.385(10) to 0.225(6) ([Table S1](#SD1){ref-type="supplementary-material"} in the Supporting Information). While extended air exposure (over a period of ∼7 weeks) does not affect the sample's average crystallite size and the microstrain within the margin of the estimated standard deviations, ZnO nanoparticle powders in contact with liquid water (with or without organic acids) exhibit a further reduction in microstrain (Supporting Information [Figure S2](#SD1){ref-type="supplementary-material"} and [Table S1](#SD1){ref-type="supplementary-material"}). This reduction in strain from ε = 0.225(6) to 0.198(4) is observed for thermally activated samples, which serve here as a starting material, and upon contact with condensed H~2~O. Although low in value, the extent of strain reduction exceeds the estimated standard deviation by a factor of 4. This also underlines that the nanoparticles experience substantial changes of their chemical environment when they convert from dry nanoparticle powders into aqueous nanoparticle dispersions. It is remarkable that such strain relaxation effects are measurable for the investigated nanoparticles in the size range of 10---20 nm ([Figure 1c](#F1){ref-type="fig"}). For these, as compared to colloidal quantum dots, comparatively large nanoparticles, only a small fraction of the total number of ions of the particle is part of the surface and the near-surface region, where relaxation effects occur in response to surrounding phase changes. The bulk fraction of particle ions, which predominantly contribute to the measured signal, however, is expected to be decoupled from compositional and structural changes at the particle surface. Apparently, the surface and near-surface layers remain distorted even after thermal activation,^[@R46],[@R47]^ whereas the interior of the nanoparticles retains the wurzite structure. As a result of contact with liquid water, surface ions with a lack of local coordination partners adsorb water molecules and the associated partial relaxation of strain^[@R48]^ gives rise to improved crystallinity.^[@R49]^ At the same time, water adsorption enhances the probability of radiative exciton annihilation.

In addition to and associated with the observed relaxation of lattice strain, it is the chemical composition of the solid---liquid interface, in particular the ligand shell around the ZnO nanoparticles, that determines the photoluminescence emission yield ([Figure 3a](#F3){ref-type="fig"}) and the ζ-potential ([Figure 3b](#F3){ref-type="fig"}). [Figure 3](#F3){ref-type="fig"} illustrates how the addition of citrate and acetate salts to aqueous dispersions with identical nanoparticle loadings affect the intensity of the free exciton emission toward more negative and positive values, respectively. Despite the scattering of the data points, there is a clear trend in the ζ-potential regimes of φ~ζ~ \< -15 mV and φ~ζ~ \> +15 mV.

![Plot of photoluminescence emission intensities related to the excitonic band at λ = 380 nm (a) and the particle size (b) against ζ-potential values measured for aqueous colloidal dispersions of different citrate or acetate contents. As demonstrated in (b), the intermediate range of ζ-potentials, i.e., for values in the range of ---15 mV \< φ~ζ~ \< +15 mV, describes unstable colloidal dispersions. A compilation of salt concentrations versus hydrodynamic radii and ζ-potential values is provided by [Tables S2](#SD1){ref-type="supplementary-material"} and [S3](#SD1){ref-type="supplementary-material"} of the Supporting Information. For all experiments, the pH values were in the range of 7---8.](EMS94066-f003){#F3}

In the regime -15 mV ≤φ~ζ~ ≤ +15 mV, the ζ-potential exhibits a strong dependence on concentration in the range below 8 w/w-% citrate relative to the particles' mass. For a citrate concentration of 3 w/w-%, we measured a ζ-potential of 0 mV and---due to the loss of electrostatic stabilization---an increase of the hydrodynamic diameter of particle agglomerates from 70 to 2000 nm ([Figures 3b](#F3){ref-type="fig"} and [S3](#SD1){ref-type="supplementary-material"} of the Supporting Information). This concentration corresponds to about 500 molecules dissolved and/or adsorbed per particle. Even in the hypothetic case of complete and irreversible citrate adsorption, a fraction of 30% of a nanoparticle surface would be covered. A time-averaged composition of the interfacial layer, which, at present, we cannot describe qualitatively and quantitatively, evolves as a result of the dynamic interaction between dissolved molecules and dispersed ZnO nanoparticles. The complexity of interface structure and composition is further increased by the fact that organic molecules displace surface-adsorbed hydrogen, which again affects partial surface charges and local surface dipole moments. In the absence of citrate ions respective hydrogen species yield at the nanoparticle surface a ζ-potential of +24 mV and stabilize the ZnO nanoparticle-based colloids against agglomeration. By increasing the citrate concentration beyond the isoelectric point, the ζ-potential adopts more negative values and the colloidal dispersion regains stability as the hydrodynamic agglomerate diameters decrease to *d~h~* = 60 nm ([Figure 3b](#F3){ref-type="fig"}).

Furthermore, the addition of acetate ions shifts the ζ-potential to more positive values and, hence, maintains the stability of the aqueous colloidal dispersion. The strongly diminished electric double-layer repulsion in the ζ-potential range ---15 mV \< φ~ζ~ \< +15 mV explains the observed metal oxide nanoparticle flocculation and sedimentation, which is also visible to the naked eye and which does not allow for a reproducible assessment of the photoluminescence emission properties during the time intervals typically used for the photoluminescence measurements.

Composition and structure of the water shell around the colloidal nanoparticle ([Figure 4a](#F4){ref-type="fig"}) and the thickness of the electrochemical double layer corresponding to the distance between the particle surface ([Figure 4b,c](#F4){ref-type="fig"}), with an essentially unknown surface potential, and the position of the shear plane at which the ζ-potential can be probed are complex and subject to dynamic changes.^[@R40],[@R50],[@R51]^ Among others, material parameters like ZnO surface coverage with different adsorbate species, adsorbate geometry, and composition and thickness of the electrochemical double layer are yet unknown.

Nevertheless, as we argue in more detail below, we expect a preferential adsorption of acetate or citrate ions via their carboxyl groups generating locally either a positively or negatively charged adsorbate layer ([Figure 4b,c](#F4){ref-type="fig"}). At the same time, both types of ions possess with their carboxylic linkers chemically identical anchor groups that attach to the surface Zn^2+^ ions where they displace hydrogen species. The functional dependence of the PL intensity of the free exciton emission on the ζ-potential is clearly related to the adsorption of these species at the ZnO nanoparticle surface.

For a further analysis, we make reference to experiments describing water adsorption on well-defined and atomically clean single crystal surfaces: combined experimental and theoretical investigations^[@R52]--[@R54]^ revealed that adsorbed hydrogen species have a strong coverage-dependent effect on the local work function and the doping level of the semiconductor structure. The concomitant localization of excess charge carriers at the surface increases the probability for exciton recombination. These important observations suggest that the replacement of any hydrogen-related species by acetate or citrate ions at the nanoparticle surfaces must also affect the local potentials and, hence, the probability for radiative exciton recombination.

The reported hydrogen concentrations in the bulk of ZnO single crystals^55---57^ suggest a full depletion of nanoparticles in the size regime between 1 and 25 nm ([Figure 1](#F1){ref-type="fig"}). This emphasizes the role of local potential effects at the surface rather than effects due to longer-ranged band bending,^[@R21],[@R35],[@R36]^ which are neglected for the here investigated nanoparticle ensembles. The local effect caused by adsorption of hydrogen species is furthermore suggested by the suppression (extinction) of the exciton peak in the anhydrous ZnO nanoparticle powders ([Figure 2](#F2){ref-type="fig"}) and its appearance upon nanoparticle immersion into pure water. For nanoparticles with bare surfaces, nonradiative recombination can occur at surface dangling bonds or other types of defects that are associated with coordinatively unsaturated surface ions.^[@R24]^ Related effects of the built-in potential suppress the radiative recombination of free excitons compared to the particles in water, where local potential effects and surface doping increase the PL intensity.^[@R52],[@R53]^

As discussed above, acetate and citrate ions have their identical carboxylic anchor group, which displaces surface hydrogen species, in common. On the other hand, the two molecules give rise to opposite effects in photoluminescence emission and in the direction of the φ~ζ~ development as a function of the salt concentration ([Figure 3](#F3){ref-type="fig"}). This can be rationalized in the following way: the methyl rest of the acetate group carries a positive partial charge ([Figure 4b](#F4){ref-type="fig"}), adsorbed citrate species exhibit---depending on whether the adsorption complex adopts a mono- or bidentate configuration---one or two negatively charged carboxylic moieties, respectively. These are oriented away from the ZnO surface and toward the bulk electrolyte solution ([Figure 4b,c](#F4){ref-type="fig"}). We speculate that the very different molecular dipole of the adsorbed citrate ions together with their contribution to the local polarization at the ZnO electrolyte interface favors the delocalization of excess charge carriers and, hence, enhances the probability for radiative exciton recombination. Conversely, acetate adsorption reduces the density of charge carriers in the surface region and thereby the probability for radiative exciton recombination.

Conclusions {#S4}
===========

For the first time, we compared the room-temperature photoluminescence emission properties of vapor-phase-grown ZnO nanocrystals in water-free environments to those of identical particles but transformed into aqueous colloids. In addition to water adsorption-induced release of lattice strain in the near-surface region, we also observed that water adsorption promotes the radiative deactivation of the free exciton emission at *hv* = 3.3 eV. After addition of dissolved citrate or acetate ions to the aqueous dispersion, the ζ-potential values shift to more negative or more positive values, respectively. The trends in the optoelectronic properties observed show a functional dependence on the ζ-potential. They are rationalized by the adsorption of organic ions at the ZnO nanoparticle surfaces where they displace hydrogen species and, hence, affect their local potential, whereas the different molecular dipoles affect the probability for radiative exciton recombination. Related insights are of key importance for the fabrication of ZnO-containing devices, for functional coatings and polymer nanocomposites, where reproducible optoelectronic properties are a necessary requirement but subject to changes during processing.
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![TEM images of vapor-phase-grown ZnO nanoparticles (a) before and (b) after contact with an aqueous citrate solution. The yellow region in (b) indicates amorphous and carbon-based surface features around the ZnO nanoparticles originating from adsorbed organics after vacuum drying and electron beam damage. (c) Particles size distribution plots (bar diagram from TEM analysis and curves from dynamic light scattering (DLS) measurements).](EMS94066-f001){#F1}

![Schematic illustration of the structure of the different types of surface layers around a ZnO nanoparticle being surrounded by an adsorbate layer of organic ions and a bulk condensed aqueous-phase liquid above.](EMS94066-f004){#F4}
